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EFFICIENT RATE ALLOCATION FOR
MULTI-RESOLUTION CODING OF DATA

CROSS REFERENCE TO RELATED
APPLICATIONS

This 1s a divisional application of U.S. application Ser. No.
10/790,234 filed Mar. 2, 2004, now 1ssued as U.S. Pat. No.
7,672,523, and entitled “Efficient Rate Allocation for Multi-
resolution Coding of Data,” which claims the benefit of U.S.

Provisional Application No. 60/450,692, filed Mar. 3, 2003.

FIELD OF THE INVENTION

This invention relates generally to digital signal compres-
s1on, coding and representation, and more particularly to an
image compression, coding and representation system using
rate control or rate allocation and having both device and
method aspects. It further relates to a computer program
product, such as a recording medium, carrying program
instructions readable by a computing device to cause the
computing device to carry out a method according to the
ivention.

BACKGROUND OF THE INVENTION AND
PRIOR ART

Due to the huge size of the raw data of digital signals,
compression must be applied to the raw signals so that they
may be transmitted and stored. The digital signals can be
video, image, graphics, audio, speech, etc. In particular, digi-
tal image signals can be very large in s1ze. Digital cameras can
be used to capture high resolution images that can easily have
a resolution of 10 megapixels or higher. Many remote sensing
images or map 1mages can have very high resolution as well.
Image compression 1s very important for the storage, trans-
mission and representation of such digital images.

One important international standard for 1image compres-
s1on 1s the ISO/IEC 10918 standard, known commonly as the
JPEG (Joint Photographic Experts Group) standard [G. K.
Wallace, “The JPEG Still Picture Compression Standard,”
[EEE Trans. On Consumer Electronics, vol. 38, no. 1, Feb-
ruary 1992.]. The JPEG standard was finished 1n early 1990s
and has since been used widely 1n internet and digital cam-
eras. In the year 2000, ISO/IEC produced a new standard
ISO/IEC 15444, known commonly as the JPEG2000 standard
[ISO/IEC, ISO/IEC 15444-1: Information technology-JPEG
2000 image coding system-Part 1 Core coding system, 2000:
ISO/IEC, ISO/IEC 13444-2: Information technology-JPEG
2000 image coding system-Part 2: Extensions, 2000:C. Chris-
topoulos, et. al., ““The JPEG2000 Still Image Coding System:
An Overview,” [EEE Trans. on Consumer Electronics, vol.
46, no. 4, November 2000.], which can give both objective
and subjective image quality superior to JPEG.

Baseline JPEG uses mainly discrete cosine transform
(DCT), scalar quantization and variable length coding such as
runlength coding, Huffman coding and arithmetic coding. On
the other hand, JPEG2000 comprises discrete wavelet trans-
form (DWT), scalar quantization, combined bit plane and
arithmetic coding, and optimal rate control. Rate control or
rate allocation 1s an algorithm or strategy to control the bit-
rate of the signal coding such that 1t meets the target band-
width, end-to-end delay and/or storage requirement. The ulti-
mate target of rate control 1s to allocate the target bit-rate in
the encoding of the signal such that the overall distortion can
be minimized. In JPEG, the bit-rate 1s controlled by a single
global value of quantization factor (or quality factor). As a
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result, the bit rate control 1s not accurate and the visual quality
may vary from one region of the image to another. By using
the bitplane coding, JPEG2000 can control the bit-rate to
meet the bit-rate requirement precisely and easily. And the bit
rate 1s controlled locally and thus can be adapted to the local
image characteristics.

The basic encoding algorithm of JPEG2000 1s based on
Embedded Block Coding with Optimized ITruncation or
EBCOT [D. Taubman, “High Performance Scalable Image
Compression with EBCOT,” I[EEE Trans. on Image Process-
ing, vol. 9, no. 7, July 2000.]. The EBCOT algorithm parti-
tions the wavelet coelficient into non-overlapped rectangle
blocks called code-blocks. The code-block data are then
entropy encoded by bit-plane coding. A rate-distortion opti-
mization (optimal bit allocation) process 1s applied after all
the quantized wavelet coellicients have been entropy encoded
(compressed) and 1s referred to as post-compression rate-
distortion (PCRD) optimization [D. Taubman, “High Perfor-
mance Scalable Image Compression with EBCOT,” [EEE
Ivans. on Image Processing, vol. 9, no. 7, July 2000: H.
Everett, “Generalized Lagrange Multiplier Method for Solv-
ing Problems of Optimum Allocation of Resources,” Oper.
Res., vol. 11, pp. 399-417, 1963.]. By utilizing the actual
rate-distortion functions of all compressed data, the PCRD
technique achieves minimum 1mage distortion for any given
bit-rate. However, since 1t requires the encoding of all the data
and the storage of all the encoded bit-stream even though a
large portion of the data needs not to be sent out, most of the
computation and memory usage could be redundant in this
process. Also the PCRD 1s an off-line process such that the
whole 1image needs to be completely encoded before sending
out any data and hence long delay 1s possible.

Another techmique for the optimal rate allocation of

JPEG2000 1s by coelficients modelling. Kasner et al. [J. H.
Kasner, M. W. Marcellin and B. R. Hunt, “Universal Trellis
Coded Quantization,” IEEE Trans. on Image Processing, vol.
8,1n0.12,pp. 1677-168"7, December 1999.] assumed ‘that the
wavelet coellicients could be modelled by memory-less gen-
eralized-Gaussian density (GGD). By estimating the GGD
parameter, the rate-distortion function can be approximated
as required for the optimal rate allocation. This approach 1s
included 1n Part-2 of JPEG2000 [ISO/IEC, ISO/IEC 15444-2:
Information technology-JPEG 2000 image coding system-
Part 2: Extensions, 2000.] and 1s called Lagrangian rate allo-
cation (LRA). In this approach, both the rate and distortion
are estimated before actually encoding the wavelet coetli-
cients. A quantization step-size of each sub-band 1s selected
based on the estimation and the quantized wavelet coetli-
cients are encoded without any truncation. This approach
does not have the 1ssue of redundant computation cost and
redundant memory usage. However the rate control accuracy
1s heavily depended on the coellicients following the assump-
tion of GGD. An 1terative technique 1s often required to con-
verge on the target bitrate. In each 1teration, the quantization
step-sizes are required to be re-estimated and the wavelet
coellicients are thus quantized and entropy encoded again.
The multiple quantization and entropy encoding processes
heavily increase the complexity of this approach. In practice,
the complexity of LRA 1s comparable to the PCRD approach.

Other than the empirical PCRD approach and the analyti-
cal LRA approach, Masuzaki et. al. [T. Masuzaki, et. al.,
“JPEG2000 Adaptive Rate Control for Embedded Systems,”
Proc. IEEE Int. Sym. on Circuits and Systems, vol. 4, pp.
333-336, May 2002.] first proposed a non-optimal training-
image based fast rate control method for JPEG2000. By train-
ing a set of test images using the PCRD method, the proposed
tast method obtains the relationship between the number of
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coding passes (coding points) and the corresponding number
of bytes within a sub-band. The relationship 1s then approxi-
mated by a linear curve. Given a target bit-rate, the fast
method can predict the number of coding passes to be
included 1n the final output using the linear model. However
the results of the paper show that this method can suffer from
a significant PSNR loss (1 dB in 0.25 bpp). The loss could be
much more significant as a single liner function cannot well
approximate different kind of images.

Model based rate allocation 1s an attractive approach for
fast rate control as 1t can provide the optimal quality when the
coellicients follow the model assumption. However the major
drawback 1s the degree of model accuracy. It 1s unlikely that
an accurate model can be found for highly varied images.
Thus we change our thought into non-model based fast rate
control method. JPEG2000, as noted previously, 1s the new
international standard for still image coding. JPEG2000 1s
based on the discrete wavelet transform (DW'T), scalar quan-
tization, coetlicient bit modelling, arithmetic coding and rate
control. The DWT decomposes an image (or sub-image
called tile) into sub-bands for with different level of decom-
position. FIG. 1 shows an example of two-level DW'T decom-
position. The sub-bands consist of coellicients that represent
the horizontal and vertical spatial frequency characteristics of
the 1image/tile. Each sub-band is then quantized by a scalar
quantizer and divided into non-overlapped rectangular blocks

(called code-blocks 1 JPEG2000) with size typically 64x64

or larger. The quantized code-block data are entropy encoded
(compressed) to form a code-block bit-stream. Each of the
code-block bit-stream can be truncated to meet the target
bit-rate by rate control and finally output to the channel in
packet format.

After transformation, the wavelet coelficients are quan-
tized using scalar quantization. Each of the coetlicients a, (X,
y) of the sub-band b 1s quantized to the value q,(X,v) by

|'ﬂb(xa y)lJ (1)

Ap

gp(x, y) = sign(a(x, y)) {

where A, 1s the quantization step size. In lossless compres-
sion, the value of A, must be one for all sub-bands. However,
in lossy compression, no particular selection of the quantiza-
tion step size 1s required 1n the standard. One effective way 1n
selecting the quantization step size i1s to scale a default (or

pre-defined) step size A , by an energy weight parameter vy, [J.
W. Woods, J. Naveen, “A Filter Based Bit Allocation Scheme

tor Subband Compression of HDTV,” IEEE Trans. on Image
Processing, vol. 1, no. 3, pp. 436-440, July 1992.] by

Ay

Vv,

N 2)

This selection of quantization step size 1s recommended 1n
the standard and 1s implemented 1n the standard reference
software [M. D. Adams and F. Kossentini, “Jasper: A Soift-
ware-based JPEG-2000 Codec Implementation,” Proc. IEEE
Int. Conf On Image Processing, vol. 2, pp. 53-56, October
2000: M. D. Adams, “Jasper project home page,” http://ww-
w.ece.uvic.ca/-mdadams/jasper, 2000.] with the default step
s1ze A , equal to two for all sub-bands.

The quantized wavelet coellicients 1n the code-blocks are
encoded using coelficient bit modelling and arithmetic cod-
ing. This process 1s called tier-1 coding in JPEG2000. Tier-1
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coding 1s essentially a bit-plane coding technique that 1s com-
monly used 1n wavelet based image coders [J. M. Shapiro,
“Embedded Image Coding using Zerotrees of Wavelet Coet-

ficients,” IEEE Trans. on Signal Processing, vol. 41, no. 12,
pp. 3445-3462, December 1993: A. Said, W. A. Pearlman, “A

New, Fast, and Efficient Image Codec Based on Set Partition-
ing in Hierarchical Trees,” IEEE Trans. on Circuifs and Sys-
tems for Video Tech., vol. 6, no. 3, pp. 243-250, June 1996.].
In tier-1 coding, code-blocks are encoded independently of
one another using exactly the same coding algorithm. For
cach code-block, coelficients are encoded starting from the
most significant bit-plane (MSB) with a non-zero element
towards the least significant bit-plane (LSB). Each coetficient
bit 1n a bit-plane 1s selected to be included 1n only one of the
three coding passes called significance pass, refinement pass
and cleanup pass by using coeltlicient bit modelling. The
coding pass data are then arithmetic encoded by a context-
based adaptive binary arithmetic coder called MQ coder in
JPEG2000.

Rate control in JPEG2000 1s achieved partly by the quan-
tization and partly by the selection of the coding pass data to
be 1included 1n the final output (code-stream). The quantiza-
tion process as mentioned before roughly controls the rate
that1s generally far from the target bit-rate and 1s applied only
once. The accurate rate control 1s achieved by selecting part of
the coding pass data to be included 1n the final code-stream.
JPEG2000 has no requirement on which rate control method
to be used. However an optimal rate control process called
post-compression rate-distortion (PCRD) optimization 1s
recommended in the standard. This process had been
described in D. Taubman, “High Performance Scalable Image
Compression with EBCOT,” [EEE Trans. on Image Process-
ing, vol. 9, no. 7, July 2000 clearly and we will summarize it
as follow.

Let{B,}i=1, 2. .. denote the set of all the code-blocks that
cover the whole 1image/tile. For each code-block, an embed-
ded bit-stream 1s formed by the tier-1 coding with a set of
allowable truncation points each of which s located at the end
of each coding pass. Thus there 1s at most three truncation
points for each bit-plane. For any code block B,, the bit-
stream can be truncated into different discrete length with
bit-rate R,', R %, .. .. The corresponding distortion incurred by
reconstructing those truncated bit-streams 1s denoted by D
at truncation pomnt n=1, 2, . . . . The optimal rate control
process 1s to select the truncation points which minimize the
overall reconstructed image distortion D where

(3)

D= Df

subject to the rate constraint

(4)

where R,,, ;... denotes the target bit-rate.

Using the Lagrange multiplier technique [D. Taubman,
“High Performance Scalable Image Compression with
EBCOT,’ IEEE Trans. on Image Processing,vol. 9,n0.7, July
2000: H. Everett, “Generalized Lagrange Multiplier Method
for Solving Problems of Optimum Allocation of Resources,”
Oper. Res., vol. 11, pp. 399-4177, 1963.], the optimization
process 1s equivalent to minimize the cost function
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J=D1AR = Z (D?m +AR?,fm) (3)

Therefore 1f we can find a value of A such that the set of
truncation points {n (A)} which minimizes (5) and the maxi-
mum achievable rate satisfies the rate constraint in (4) will be
the optimal truncation points for a target bit-rate.

A simple algorithm 1n finding the optimal truncation points
1s mentioned 1n Taubman. At any truncation point n, the R-D
“slope™ 1s given by

o ADY DI D (6)

S.E H; . . l
&Rif R?: _ R‘?:_

In the rest of the paper, the term R-D slope 1s always
referred to Eqn. (6). Assume N, be the set of available trun-
cation points for code-block B, The truncation point n.(A) for
a given value of A 1s Tound such that

n,(h)=max{j eN,[S7=)} (7)

where =1, 2, . . . 1s the truncation point index. However this
equation 1s only true when the R-D slope 1s monotonically
decreasing (S,”*'=S.") Thus the monotonically decreasing
property 1s assumed 1n the optimization algorithm. Based on
the monotonically decreasing property, the optimal value of A
denoted as A ;;,,.; 18 equal to the minimum value of which
satisiies the rate constraint in (4). In practice, an 1iterative
approach with fast convergence 1s often used 1n searching the
Aoprmar Once the A . 1s tound, the optimal truncation
points can be found by (7) with A=A, ,,,..;-

In the PCRD algorithm, the R-D slope information of all
the available truncation points are required to be pre-com-
puted and stored 1n memory. This requires tier-1 encoding of
all the quantized coeflicients and the whole encoded bit-
stream must be stored in memory even though a large portion
of them will not be included 1n the final output after the
optimal truncation. Therefore a significant portion of compu-
tational power and working memory size 1s wasted on com-
puting and storing the unused data. We call this portion of
computational power and working memory size to be redun-
dant computational cost and redundant memory usage
respectively. Also the PCRD method 1s a non-causal or ofl-
line process because the entire 1mage/tile needs to be com-
pletely encoded before sending out any data and hence long,
transmission delay i1s possible. Since the PCRD method
requires tier-1 encoding of all the quantized coellicients, the
computational complexity can be about 40% to 60% of the
total CPU execution time [M. D. Adams and F. Kossentini,
“Jasper: A Software-based JPEG-2000 Codec Implementa-
tion,” Proc. IEEE Int. Conf On Image Processing, vol. 2, pp.
53-56, October 2000: K. F. Chen, C. J. Lian, H. H. Chen and
L. G. Chen, “Analysis and Architecture Design of EBCOT for
JPEG-2000,” Proc. IEEE Int. Svm. of Circuits and Systems,
vol. 2, pp. 765-768, May 2001 ]

SUMMARY OF THE PRESENT INVENTION

According to broad aspects of the present invention there
are provided three novel fast rate control methods that can
eificiently reduce or remove the computation and memory
usage redundancy over the conventional PCRD method. The
first method, called successive bit-plane rate allocation
(SBRA), assigns the maximum allowable bit-rate for each
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bit-plane of each code-block by using the currently available
rate-distortion information only. The second method 1s called
priority scanning rate allocation (PSRA). This first predicts
the order of magnitude of each truncation point’s rate-distor-
tion slope and then encodes the truncation points based on the
order (priority) information. The third method uses PSRA to
obtain a significantly smaller amount of data than PCRD {for
optimal truncation and 1s called priority scanning with opti-
mal truncation (PSOT).

In a comparison of the three methods, SBRA provides the
highest computational complexity and memory usage reduc-
tion, and the lowest coding/transmission delay. The compu-
tational complexity reduction can be up to about 90% of the
entropy coding process. However this method gives the low-
est PSNR performance of the three. PSRA provides higher
PSNR performance than SBRA with the penalty of lower
memory usage reduction and higher delay. PSOT provides the
best (optimal) quality while it 1s the least efficient method 1n
term of computational complexity, memory usage and the
coding/transmission delay. The three methods provide differ-
ent degree of computation complexity and memory reduc-
tion, coding/transmission delay and PSNR performance. The
most suitable rate control method can be chosen based on
application requirements.

BRIEF DESCRIPTION OF THE FIGURES

Some embodiments of the invention will now be described
for the sake of example only with reference to the following
figures, 1n which:

FIG. 1 1llustrates an example of a two-level digital wavelet
decomposition nto subbands,

FIG. 2. shows a plot of R-D ratio curve of first code-block
for test image ‘Lena’,

FIG. 3 shows the indexing of subbands. Each subband 1s
indexed by a resolution level and an orientation (r,0). This
example shows a three level DW'T decomposition,

FIG. 4 shows selected test images,

FIG. 5§ shows the average rate difference between PCRD
and SBRA-1 (PCRD-SBRA-1) for sixteen subbands at dii-
ferent target bit-rates,

FIG. 6 shows the scan order of (a) subband and (b) code
block within a subband;

FIG. 7 shows the average PSNR difierence between PCRD
and SBRA-w (PCRD-SBRA-w) for different values of A at
different target bit rates; and

FIG. 8 depicts a flow chart describing successive bit-plane
rate allocation (SBRA) 1n accordance with embodiments.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

The present invention seeks to provide new and usetul rate
control techniques for JPEG2000 1mage coding 1n particular
and other forms of data coding 1n general.

A first aspect of the present mvention (“successive bit-
plane rate allocation” or “SBRA”) proposes that, in the deter-
mination of whether or not to include a coding pass 1n the final
code-stream, a rate-distortion value (R-D value) 1s computed
and compared with an adaptive threshold. 11 tine R-D ratio 1s
larger than or equal to a threshold, the coding pass would be
included. This 1s a causal method which can make the deci-
sion immediately, without waiting for future code-blocks to
be processed or encoded.

PCRD 1incurs significant encoding delay because it selects
the truncation points only after the complete tier-1 encoding,
of all the code-blocks. For a real-time, low delay rate control
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process, 1t 1s desirable that the compressed data of the early
code-blocks can be sent out before the later code-blocks are
being encoded. The i1deal way to do this 1s to select the
truncation point of a code-block in a casual manner, 1n par-
allel with the tier-1 coding. This can also eliminate the redun-
dant computation and memory usage. However, without
knowing the actual R-D slopes of the data, 1t 1s impossible to
find the optimal truncation point. So, instead of finding the
optimal truncation point, we propose to find a good truncation
point which 1s close to the optimal point 1n parallel with the
tier-1 coding.

Recall that the optimal truncation point for any code-block
B, 1s found by Eqn. (7) with A=A ..., EqQn. (7) requires that
the R-D slope at all allowable truncation points to be pre-
computed. However, 1n a causal rate control process, code-
blocks are encoded one after another. When the code-block B,
1s being encoded, all the R-D slope information of the future
code-blocks {B,} ., is unknown. Thus the &, ;..., cannot be

determined.

Instead of finding the A .., an approximation approach
will be used here 1n order to obtain a causal rate control
process which can be done 1n parallel with the tier-1 coding.
We note that the condition S/=A from Eqn. (7) and becomes

o ADH DI D (3)
\Y ﬁRHI — R'.lf B R{Ii_l = ;Loprima.!
el _ DD (9)
1'1 — " = Aoptimal —
IN N 2
AT 5 (10)

Now the condition S,"=A . .,becomes A" '=@. " inthe
optimal case and the term A" is called R-D ratio. There are
two approximations in Eqn. (10). The first approximation 1s
that the R-D slope at a current truncation point n, 1s approxi-
mated by the R-D ratio of previous truncation pointn,—1. The
second approximation 1s that the constant A, ;..; 1S now
approximated by a variable o for different code-blocks and
truncation points. As we do notknow the A, ;.....,- the optimal
value of ., cannot be found too. However we are not going to
find the optimal truncation points. A good value of o can be
simply found by using the rate constraint in Eqn. (4).

[et the i”” code-block B, be the code-block currently being
encoded. Then {B,},_, is the set of previously encoded code-
blocks with corresponding truncation point {n;,., and
B, } -, 1s the set of future code-blocks. We denote {B,},; and
B,},-;as B_,and B, respectively. For the current code-block
we further assume that the coellicients at and before an allow-
able truncation point ¢ have been encoded such that at the final
truncation point will satisty n,=c. This implies R,"=R“. We
then define D and R as

Fernair

Ferntdir

Dyomain = Df + Z DE (11)

kebBy,

and

R, emain = Rbudge:‘ — R:: — Z RER = () (12)
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Using Eqgn. (12), the rate constraint in Egn. (4) can be
rewritten as

R?i - R:TI + Z R’k’k = ermain (13)

keBy

By summing over current and all uncoded code-blocks, the
condition 1 Egn. (10) becomes

Df+ Y DYz o' (R RO+ ) ol (R - RY) (14)

kebBy kebBy

where R, is the rate that the bit-stream is totally truncated. So
its value is zero. As the R-D ratio A/~ is used to approximate
the R-D slope S,”" 1n Eqn. (10), we can assume that the term
D*/AR in Eqn. (9) 1s constant in the sense that all the
code-block bit-streams are truncated at the same R-D ratio.
This also assumes that o, 1s constant. The equation 1n Eqn.
(14) then becomes

Df+ » Df= af?f(ﬁ?f ~Rf+ » R ] (15)

kebBy ke by

(16)

1
i
Drfmain = ; Rremain

(17)

ny D FERITIN
¥ ; =

K FERIAIN

Using Eqgn. (11) and Eqgn. (13), it can be shown that . 1s
bounded by D /R For D /R =1 and Eqn.

FERIAIF FeRmiaint FeIIR FEermiaiyi —

(17) can be re-written to an unbounded form as

(18)

n; D FEMGIN

1 |
@' = - E,Vﬁ?zl

K remain ,8:1

where [3,” 1s a weighting factor. As the D, . /R . will
change for different truncation points, o, 1s eventually
required to be updated for each truncation point. Finally we
have found the equation 1n calculating the value of " and the

condition 1 Egn. (10) becomes

D?i—l (19)

AR

D FERUTIN 1

= ' _
: ;
Rremain )8:1

ni—1 _
A; =

Betore actually encoding the sample data in-between the
truncation points n, and n.—1, the only unknown 1s R,” in Eqn.
(19). Thus a maximum allowable rate diflerent for truncation
point n, can be computed such that

: : H:— Dremain 20
maxAR = 8- DY L (29)

Femain

Tier-1 coding of code-block A will be stopped when

AR /“Zmax AR™ (21)

In other words, the bit-stream of code-block B, 1s truncated
at truncation point n, when the condition i Eqgn. (21) 1s
satisfied.
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It should be noted that this approximation approach has
assumed that the RDratio 1s monotonically decreasing (A
1=A") However, 1n real situations, the R-D ratios evaluated
at coding pass boundaries do not always follow the mono-
tonically decreasing property. FIG. 2 shows the real R-D ratio
curve of the first code-block for test image ‘Lena’. In order to
have a better approximation, the R-D ratios may be evaluated
at bit-plane boundaries because the distortion different
between two consecutive bit-planes 1s larger than that
between two consecutive coding passes. Thus the R-D ratios
evaluated at bit-plane boundaries can follow the monotoni-
cally decreasing property much often than those evaluated at
coding passes boundaries. In the standard, the bit-plane
boundaries are defined at n=1, 4, 7, 10, . . . . Let b=1, 2,
3, ...denotes the bit-plane truncation points for code-block B,
such thatb,=3-[n,/3 |2 Then the stopping criterion in Eqn. (21)
becomes

R™-R P Z=max AR (23)

where

(24)

maxARY = g7 . DP . Jgrfmainj

bf—l 55{3
i

b; —3 otherwise

Eqgn. (23) and Eqn. (24) will be used 1n this embodiment
and can be referred to as successive bit-plane rate allocation
(SBRA). A simple form of the SBRA method is to 1ignore the
weighting factors 8,” such that they are all set to one. This
non-weighted method 1s called SBRA-I. However different
welghting factors other than one can be used. This weighted
method may be called SBRA-w.

As the SBRA method requires only the currently available
R-D information and information relating to the previously
encoded data can be forgotten, this method can provide both
memoryless and casual features. The encoded code-block
data can be sent out immediately.

A. Linear Rate Regulation

The term B,” in Eqn. (24) is used to reduce or correct the

rate allocation error between the PCRD and SBRA method.

The, B,” is defined for each bit-plane j and code-block i.
However 1t 1s known that the image frequency characteristics
are the same with a subband. Thus a simple weighting factor
defined for each subband is often sufficient. The term 3,” is
then re-indexed to be, 3, o where r 1s the resolution level and
0 1s the orientation which are indexed as shown 1n FIG. 3.
In this modelling method, the rate profile of each subband
1s first examined using both the PCRD and SBRA-1 method
for the fifteen test images shown in FIG. 4. The rates are
measured 1n term of bit per pixel (bpp) and the average rate
difference between PCRD and SBRA-1 1s plotted in FIG. 5. It
can be seen that SBRA-I allocates fewer rates at lower reso-
lution subbands and the rate allocation difference 1s approxi-
mately linear decreasing from low to high resolution sub-
bands. The rate allocation difference can be approximated by
a linear curve with slope related to target bit-rate. As the
weighting factor mm (24) directly controls the maximum
allowable rate for a given bit-plane, a larger weighting factor
can be used to increase the total bit-rate allocated for a given
code-block. In other words, it 1s possible to have a later
truncation point than 20 that in SBRA-1. It may then be
assume that the weighting factor i1s proportional to the

10

15

20

25

30

35

40

45

50

55

60

65

10

achieved bit-rate tor a given code-block. Thus one can model
,.o by a linear equation such that

ﬁrﬁzl +n $kr,E' (25)

and

for (r, 6) = (0, 0)

. M -1 (26)
T M —3x(r—1)—-0—-1 otherwise

where m 1s the slope of the linear curve. M is the total number
of subbands and (r,0) 1s indexed as shown in FIG. 3. This
weighting model 1s called linear rate regulation. Here 1t 1s
assumed that the linear model 1s applied for the coding order
as shown 1n FIG. 6.

In general, m 1s dependent on 1mage characteristics and
target bit-rate. However a close form relationship between the
m and 1mage characteristics may require a complicated image
analysis process. Thus model m as

M=K E?udget/ A

where A 1s a pre-defined constant and R, .., 18 the target
bit-rate 1n term of bpp. The constant A 1s chosen by an 1mage-
training method and the PSNR performance 1s the main cri-
terion 1n finding the value of A. As a five-level DW'T decom-
position 1s used 1n all simulations/implementation, the value
of A for that configuration may be found. FIG. 7 shows the
relationship between the values of A and average PSNR per-
formance of SBRA-w using the test images as shown in FIG.
4. This shows that the difference of the PSNR performance 1s
lessthan 0.1 dB 1in-between the values of three and ten and the
value of five gives a relatively good result among them. Thus
the value of A as five may be used 1n this embodiment.
B. Implementation

It should be noted that the coding could be stopped when
max AR.”: in Eqn. (24) is small enough before actually
encoding the coding pass. In other words, it 1s possible to

carly terminate the tier-1 coding process of a code block when
max AR ”=T (28)

(27)

In practical implementations, max AR, is preferably
rounded to nearest integer and the threshold T 1s set to zero
because this 1s the simplest value that gives almost the highest
PSNR performance.

FIG. 8 depicts a flow chart describing successive bit-plane
rate allocation (SBRA) i accordance with embodiments.
First, a target bit rate may be defined block 801. Collections of
coellicients of source data may be defined block 803. A global
coding order used to code the collections of coellicients may
be defined block 805. Initially, a first collection of coetlicients
may be selected according to the global coding order block
807. As will be noted below, once the first and any subsequent
collections of coefficients are selected, the next collection of
coellicients may be selected according to the global coding
order block 807. Once a next collection of coellicients 1s
selected, a plurality of coding units for the current collection
of coetlicients may be defined block 809. A local coding order
which may be used to code the plurality of coding units may
be defined block 811. For each coding umit according to the
local coding order, a rate value and a distortion value may be
defined as described elsewhere within this specification block
813. A threshold value for the current coding unit may be
defined as described elsewhere within this specification block
815. Next, 1f a termination criterion 1s not met as described
clsewhere within this specification, the current coding unit
may be included 1n the output code stream, block 819, and a
next coding unit may be processed as described elsewhere
within this specification. If the termination criterion 1s met as
described elsewhere within this specification, the coding of
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the collection of coelficients may be truncated at the current
coding unit block 821. If no further collections of coellicients
remain to be encoded, then the process may end block 819. IT
more collections of coeflicients remain, block 817, then a

12

C3: If the code-block 1s the last one 1n the scan order,
reduce P _, by one and the next code-block will be the first
one 1n the scan order. Flse visit the following code block.

The code-block priority 1in Eqn. (20) determines the trun-

next collection of coetlicients may be selected for encoding 5 cation point level to be processed 1n the current round within

and the process may continue until there are no more collec-
tions of coellicients to encode.

A second aspect of the imnvention (“Priority Scanning Rate
Allocation™, or “PSRA) proposes to establish a priority level
of each coding unit of each code-block. All the coding units of
all code-blocks are then scanned and encoded according to
the priority level, starting from the highest priority level
towards the lowest.

By examining the PCRD scheme, it can be seen that if the
R-D slopes of all the allowable truncation point n, are sorted
in descending order and the order 1s kept 1n a sorted list, the
optimal rate allocation can also be achieved by encoding the
truncation point from the top of the sorted list according to the
sorted order. This leads to an interesting observation that,
once the order 1s known, 1t 1s not necessary to know the actual
value of the R-D slope. The problem now becomes how to
obtain the order without knowing all the values of the R-D
slopes.

It 1s unlikely that the actual order list can be obtained
without knowing the actual R-D information. Instead the
order may be predicted based on an assumption. Based on the
assumed monotonically decreasing property of R-D slope
function, an earlier truncation point will have larger R-D
slope than later truncation point within a code-block. This
property can be extended to the whole 1mage such that an
carlier truncation point of any code-block 1s assumed to have
a larger R-D slope than later truncation points of other code-
block(s).

By this assumption, the coding priority (order) 1s set based
on the truncation point level within an 1image. The coding pass
with the higher priority will be tier-1 encoded first followed
by coding passes with lower priority. The proposed method 1s
called prionty scanning rate allocation (PSRA) and 1s per-
formed as follows:

1. Initialization

For the i”” code block B, the initial code-block priority is
equal to the maximum number of coding passes required to
tully encode the data in the code-block and 1s calculated by

P=3%0-2 (29)

where i.” is the maximum number of bit-plane level required
to Tully encode the data 1n the code-block. The current coding,
priority 1s defined as

Pe = max(F;) (30)

2. Priority Scanning,

Visit each code-block according to the scan order as shown

in FIG. 6. For each code-block B, condition C1 1s checked.

C1: If the code-block priority 1s equal to the current coding,
priority (P =P ), encode the first unencoded coding pass
of B,, reduce P, by one, calculate the R-D slope by Eqgn.
4 and check the condition C2. Else check the condition
C3.

C2: If the accumulated bit-rate 1s larger than the target
bit-rate, find and discard the encoded coding pass(es)
which has the minimum R-D slope(s) such that the accu-
mulated bit-rate 1s less than or equal to the target bit-rate.
The whole tier-1 coding process will be terminated at
this point. Else check the condition C3.
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an 1mage. It exploits the assumption that the highest trunca-
tion point level has the highest R-D slope within an image.
The current coding priority function i Eqn. (30) 1s just an
indication to indicate what priority will be included in the
current scanning. Based on the actual R-D functions, the
discard of the included coding pass 1n the condition C2 can
maximize the PSNR performance of this method.

The PSNR performance of PSR A might be degraded when
the coefficients do not follow the assumption. However
experimental results show that PSRA can have good PSNR
performance for most test images. Ditferent from SBRA, the
encoded code-block data in PSRA can only be sent out after
the whole PSR A process 1s finished.

A third aspect of the mvention (“Priority Scanning with
Optimal Truncation”, or “PSOT”) proposes establishing a
priority level of each coding unmit of each code-block. All the
coding units of all code-blocks are then scanned and encoded
according to the prionty level, starting from the highest pri-
ority level towards the lowest. When sulficient coding levels
of the code-blocks are encoded, rate-distortion optimized
allocation 1s applied.

The PCRD method achieves the best visual quality but 1s
not the most efficient of the three methods because it requires
encoding the whole set of the allowable truncation points.
Compared with PCRD, PSRA encodes a significantly smaller
set of truncation points but the visual quality 1s less than
optimal. Here a new method called Priority Scanning with
Optimal Truncation (PSOT) 1s proposed and which 1s able to
achieve optimal visual quality similar to PCRD, and compu-
tational complexity similar to PSRA.

First, the PSR A method 1s used to estimate a R-D slope that
could be close to the optimal A. Then a mimimum slope
rejection method 1s used to terminate the tier-1 coding process
of each code block such that the last calculated R-D slope of
cach code block 1s less than or equal to the estimated R-D
slope. Finally, PCRD 1s applied to the encoded truncation
points. By doing so, istead of encoding all truncation points,
only a smaller amount of truncation points are required to be
encoded. This proposed scheme 1s called priority scanning
with optimal truncation (PSOT) and 1s performed as follows:
1. Imtialization & Priority Scanning,

Perform PSRA as 1n Section IV. However, instead of ter-
mination, if the accumulated bit rate 1s larger than the target
bit rate, go to step 2.

2. Minimum Slope Rejection

Find the minimum rate-distortion slope S_ . among the
calculated R-D slopes 1n step 1. Visit each of the code-blocks
and continue the Tier-1 encoding until the code block’s mini-
mum rate-distortion slope 1s less than or equal to the S .
3. Optimal Truncation

This step 1s essentially the PCRD method. The optimal A 1s
found among the encoded truncation points. Then the trun-
cation points with rate-distortion slope greater than or equal
to the optimal A are included in the final code-stream.

If the S, 1s less than or equal to the optimal A, the pro-
posed method will have the same PSNR performance as the
conventional PCRD scheme 1n JPEG2000. Same as PSRA,
the encoded code-block data can only be sent out after the
whole PSOT process has been finished.

The embodiments of the invention described above are 1n
terms of JPEG2000 image coding. The code-block can be of

any shape (e.g. square or rectangular). The blocks may or may
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not be overlapping. Furthermore, 1t 1s not necessary to follow
the coding order of the code-blocks 1n JPEG2000, and 1t 1s not
necessary to define the coding passes as the significance pass,
refinement pass and cleanup pass of JPEG2000. Other coding
passes are possible, including embedded zero-tree wavelet
coding, or those of SPHIT, etc. Furthermore, 1t 1s not neces-
sary 1o use discrete wavelet transform. Other transforms such
as discrete cosine transform, discrete Fourier transtorm, Had-
amard tranform, Slant transform, etc. are possible.

For the images, one picture element may have one or more
components such as the luminance component, thered, green,
blue (RGB) components, the YUV components, the YCrCb
components, the inira-red components, the X-ray or other
components. Each component of a picture element 1s a num-
ber, which may be a natural number, an integer, a real number
or even a complex number. In the case of natural numbers,
they may be 12-bit, 8-bit, or any other bit resolution.

Moreover, the present invention 1n any of its aspects 1s
applicable not only to the encoding of 1images, but also to the
rate control or rate allocation in the encoding of audio signals,
speech signals, video signals, seismic signals, medical sig-
nals, etc.

The fast rate control process 1s mainly targeted for fast,
low-delay and low cost software and hardware implementa-
tions of JPEG2000. Possible applications include digital
camera, digital camcorder, personal digital assistant (PDA),
multimedia-enabled cellular phones (2.5G, 3G, and beyond),
wireless LAN devices, Bluetooth applications, web servers,
internet applications, scanners, remote sensing, etc. In digital
cameras, delay 1s very important. People often complain that,
alter depressing the button, the camera would take a long time
to capture and store the image. This 1s becoming an increasing,
important problem as the digital images are getting bigger
and bigger. Nowadays, some cameras have 5 mega pixels
(about 2560x1920 pixels) or more, which would require a
significant amount of time to encode. The proposed algorithm
can reduce the time to store the 1mage because It reduces
significantly the time to convert the image into the JPEG2000
tformat (by about 40%). The camera can be ready to take
another picture much sooner. In additional, our algorithm
requires much lesser memory than PCRD so that cache
memory requirement 1 hardware can be reduced and the
implementation cost can be reduced. Nowadays, many digital
video (DV) camcorders include still image capture capability.
They would store the captured image 1n a separate storage
media such as multimedia card, or SD, etc. Users would
experience similar complaints as they do 1n digital cameras,
namely, a long delay 1n storing the images resulting 1n long,
interval between consecutive image shots. Again the pro-
posed algorithm can reduce the delay significantly. Similarly,
many PDAs, cellular phones, wireless LAN and Bluetooth
devices, and notebook computers are increasing having
video/image capture capability built-in or 1n add-on devices.
A long delay 1n storing 1images would always result in long,
interval between consecutive image shots, and the proposed
algorithm can reduce the delay.

The mvention claimed 1s:

1. A method, comprising;:

examining, by a computing device, respective collections

of coellicients out of a plurality of collections of coetli-
cients according to a global coding order of the plurality
of collections of coellicients, the respective collections
of coellicients having respective priority levels as well
as respective pluralities of coding units and truncation
points which correspond to the coding units;

in response to determining that an examined collection of

coellicients out of the plurality of collections of coetli-
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cients has a priority level equal to a global priority level,
encoding, by the computing device, a first un-encoded
coding unit according to a local coding order of the
collection of coetficients and reducing the priority level
of the collection of coeflicients; and

alter each of the collections of coetlicients in the plurality

are examined, decreasing, by the computing device, the
global prionty level,;

repeating the examining, the encoding, the reducing and

the decreasing, by the computing device, for the plural-
ity of collections of coellicients; and

terminating the examining, the encoding, the reducing, and

the decreasing, by the computing device, in response to
determining that a total amount of bits used 1s greater
than a target bit rate.

2. The method of claim 1 further comprising removing, by
the computing device, one or more last coding units encoded
betfore the total amount of bits used exceeded the target bit
rate from an output code-stream.

3. The method of claim 1 further comprising terminating,
by the computing device, the examining, the encoding, the
reducing, and the decreasing 1n response to determining that
all details of each of the collections of coelficients have been
encoded.

4. The method as claimed 1n claim 1 wherein said collec-
tions of coellicients are code-blocks of coellicients 1n a data
transform domain.

5. The method of claim 1, further comprising;

removing, by the computing device, an encoded coding

unit with a least rate-distortion slope; and

repeating the removing, by the computing device, with a

next coding unit with a next least rate-distortion slope
until the total amount of bits used 1s less than or equal to
the target bit rate.
6. An article of manufacture including a computer-readable
medium having instructions stored thereon that, in response
to execution by a computing non-transitory device, cause the
computing device to perform operations comprising:
examining respective collections of coefficients out of a
plurality of collections of coeflicients according to a
global coding order of the plurality of collections of
coellicients, the respective collections of coellicients
having respective priority levels as well as respective
pluralities of coding units and truncation points which
correspond to the coding units;
in response to determining that an examined collection of
coellicients out of the plurality of collections of coetli-
cients has a priority level equal to a global priority level,
encoding a {irst un-encoded coding unit according to a
local coding order of the collection of coetlicients and
reducing the priority level of the collection of coetfi-
cients; and
after each of the collections of coelficients 1n the plurality
are examined, decreasing the global priority level;

repeating the examining, the encoding, the reducing and
the decreasing for the plurality of collections of coetti-
cients; and

terminating the examining, the encoding, the reducing, and

the decreasing in response to determiming that a total
amount of bits used 1s greater than a target bit rate.

7. The article of manufacture of claim 6, wherein the opera-
tions further comprise removing one or more last coding units
encoded belfore the total amount of bits used exceeded the
target bit rate from an output code-stream.

8. The article of manufacture of claim 6 wherein the opera-
tions further comprises terminating the examimng, the encod-
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ing, the reducing, and the decreasing in response to determin-
ing that all details of all the collections of coetlicients have
been encoded.

9. The article of manufacture of claim 6 wherein the col-
lections of coellicients are code-blocks of coelficients 1n a
data transform domain.

10. The article of manufacture of claim 6, wherein the
operations further comprises:

removing an encoded coding unit with a least rate-distor-

tion slope; and

repeating the removing with a next coding unit with a next

least rate-distortion slope until the total amount of bits
used 1s less than or equal to the target bit rate.

11. The article of manufacture of claim 6 in which the
respective priority levels of the collections of coetlicients are
respectively equal to a total number of coding units used to
specily the respective collections of coellicients.

12. The article of manufacture of claim 6 in which the
collections of coelficients are code-blocks of coefficients 1n a
discrete wavelet transform domain of an 1image or image tile,
and the coding unait 1s a significance pass, refinement pass or
cleanup pass of JPEG2000.

13. The article of manufacture of claim 6 in which the
respective priority levels of the collections of coetlicients are
respectively linear functions of a total number of bit planes
used to describe wavelet coellicients.

14. An apparatus, comprising:

means for examining respective collections of coellicients

out of a plurality of collections of coetlicients according
to a global coding order of the plurality of collections of
coellicients, the respective collections of coelficients
having respective priority levels as well as respective
pluralities of coding units and truncation points which
correspond to the coding units;

means for, 1n response to determining that an examined

collection of coetlicients out of the plurality of collec-
tions of coelficients has a priority level equal to a global
priority level, encoding a first un-encoded coding unit
according to a local coding order of the collection of
coellicients and reducing the priority level of the collec-
tion of coeflicients; and
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means for, after each of the collections of coeflicients in the
plurality are examined, decreasing the global priority
level;

means for repeating the examining, the encoding, the

reducing and the decreasing for the plurality of collec-
tions of coetficients; and

means for terminating the examining, the encoding, the

reducing, and the decreasing 1n response to determining
that a total amount of bits used 1s greater than a target bit
rate.

15. The apparatus of claim 14 further comprising means for
removing one or more last coding units encoded before the
total amount of bits used exceeded the target bit rate from an
output code-stream.

16. The apparatus of claim 14 further comprising means for
terminating the examining, the encoding, the reducing, and
the decreasing in response to determining that all details of all
the collections of coetlicients have been encoded.

17. The apparatus of claim 14 wherein said collections of
coellicients are code-blocks of coefficients 1n a data trans-
form domain.

18. The apparatus of claim 14, further comprising:

means for removing an encoded coding unit with a least

rate-distortion slope; and

repeating the removing with a next coding unit with a next

least rate-distortion slope until the total amount of bits
used 1s less than or equal to the target bt rate.

19. The apparatus of claim 14 in which the respective
priority levels of the collections of coellicients are respec-
tively equal to a total number of coding units used to specily
the respective collections of coellicients.

20. The apparatus of claim 14 1n which the collections of
coellicients are code-blocks of coetlicients 1n a discrete wave-
let transform domain of an 1image or image tile, and the coding
unit 1s a significance pass, refinement pass or cleanup pass of
JPEG2000.

21. The apparatus of claim 14 1n which the respective
priority levels of the collections of coellicients are respec-
tively linear functions of a total number of bit planes used to
describe wavelet coellicients.
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UNITED STATES PATENT AND TRADEMARK OFFICE
CERTIFICATE OF CORRECTION

PATENT NO. : 7,970,224 B2 Page 1 of 1
APPLICATION NO. : 12/638225

DATED : June 28, 2011

INVENTOR(S) . Yeung et al.

It is certified that error appears in the above-identified patent and that said Letters Patent is hereby corrected as shown below:

On Title Page 2, item (56), under “Other Publications”, Line 10, delete “Codying” and
msert -- Coding --.

Column 14, lines 36-37, in Claim 6, delete “computer-readable medium™ and insert
-- computer-readable non-transitory medium --.

Column 14, line 38, 1in Claim 6, delete “non-transitory device,” and insert -- device, --.

Column 15, line §, 1n Claim 10, delete “comprises:™ and insert -- comprise: --.

Signed and Sealed this

David J. Kappos
Director of the United States Patent and Trademark Office
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